Summary It is unclear whether optimal levels of 25-hydroxyvitamin D (25(OH)D) in whites are the same as in minorities. In adult participants of NHANES, the relationships between 25(OH)D, bone mineral density (BMD), and parathyroid hormone (PTH) differed in blacks as compared to whites and Mexican-Americans, suggesting that optimal 25(OH)D levels for bone and mineral metabolism may differ by race. Introduction Blacks and Hispanics have lower 25-hydroxyvitamin D concentrations than whites. However, it is unclear whether 25(OH)D levels considered "optimal" for bone and mineral metabolism in whites are the same as those in minority populations. Results Blacks and Mexican-Americans had significantly lower 25(OH)D and higher PTH concentrations than whites (P<0.01 for both). BMD significantly decreased (P<0.01) as serum 25(OH)D and calcium intake declined among whites and Mexican-Americans, but not among blacks (P=0.2). The impact of vitamin D deficiency (25 (OH)D≤20 ng/ml) on PTH levels was modified by race/ ethnicity (P for interaction, 0.001). Whereas inverse relationships between 25(OH)D and PTH were observed above and below a 25(OH)D level of 20 ng/ml in whites and Mexican-Americans, an inverse association between 25(OH)D and PTH was only observed below this threshold in blacks, with the slope of the relationship being essentially flat (P= 0.7) above this cut-point, suggesting that PTH may be maximally suppressed at lower 25(OH)D levels in blacks than in whites or Mexican-Americans. Conclusions The relationships between 25(OH)D, BMD, and PTH may differ by race among US adults. Whether race-specific ranges of optimal vitamin D are needed to
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Introduction
The central role of vitamin D in the maintenance of calcium homeostasis and bone health as well as recent data linking lower serum 25-hydroxyvitamin D (25(OH) D) concentrations to a variety of chronic illnesses, has fueled burgeoning interest in the importance of maintaining adequate vitamin D stores in health and disease [1] . Although there remains no consensus as to the best method for determining optimal vitamin D status for bone health, many investigators define the threshold for vitamin D sufficiency as the lowest serum concentration of 25(OH) D that maximally suppresses parathyroid hormone (PTH) secretion and/or optimizes bone mineral density (BMD) [2] [3] [4] [5] [6] [7] . Based upon these criteria, most experts suggest that 25(OH)D levels of 21 to 30 ng/ml are indicative of relative vitamin D insufficiency, while levels ≤20 ng/ml constitute vitamin D deficiency [1] .
Blacks and Hispanics consistently manifest lower serum concentrations of 25(OH)D than non-Hispanic whites [8] [9] [10] [11] [12] , primarily because increased skin pigmentation inhibits cutaneous synthesis of cholecalciferol, the metabolic precursor to 25(OH)D [13] . This has led many investigators to conclude that blacks and Hispanics are at higher risk of vitamin D deficiency than whites [8] [9] [10] [11] [12] , and as a result, may also have increased risk of developing associated chronic disease conditions such as hypertension, diabetes, and cancer [14, 15] . These conclusions have largely been predicated upon comparisons of serum 25(OH)D concentrations in blacks and Hispanics against "optimal" ranges established in predominantly white, elderly, female populations. However, it is unclear whether extrapolating 25(OH)D thresholds derived in white populations to racial and ethnic minorities is appropriate. For example, blacks maintain higher BMD and lower skeletal fracture risk than whites despite lower 25(OH)D concentrations and higher PTH concentrations [16] [17] [18] , and Mexican-Americans manifest similar though less pronounced differences compared to non-Hispanic whites [19] [20] [21] . These observations suggest that vitamin D ranges considered optimal for bone and mineral metabolism among whites may not be the same as those among blacks and Hispanics [22] .
Previous studies examining the associations between vitamin D, BMD, and PTH by race and ethnicity either limited the analyses to single-gender or elderly populations, or inconsistently accounted for critical factors that might impact these relationships, such as dietary calcium intake [7, 9, 19] . Accordingly, we studied cross-sectional associations between 25 
Methods

Study population
We studied participants in NHANES from 2003-2004 and 2005-2006 . The design and operation of NHANES has been described previously [23] . Briefly, NHANES provides nationally representative cross-sectional data on the health status of the civilian, non-institutionalized US population. After selection in a complex survey design, eligible participants were interviewed and examined, and participants 12 years of age or older had blood collected for measurement of a biochemistry profile including serum PTH, 25(OH)D, calcium, phosphate, albumin, and creatinine. A dietary interview collected data for estimating the daily intake of nutrients on the basis of foods and beverages consumed during the 24-h period preceding the interview (midnight to midnight). Participants were also queried about the use of supplemental calcium and vitamin D. Participants self-classified their race-ethnicity as nonHispanic white, non-Hispanic black, Hispanic, and Other Race, including multi-racial. Hispanic ethnicity was further sub-classified into Mexican-American or Other Hispanic. Protocols to recruit and study participants of NHANES were reviewed and approved by the National Center for Health Statistics Institutional Review Board.
Measurement of laboratory parameters
Serum PTH concentrations were measured with the Elecsys 1010 analyzer (Roche, Basel, Switzerland) using the Origen electrochemiluminescent process. Three levels of controls were used to assess the quality of each serum PTH run, and coefficients of variation were <10% for each run [23] . After rapid extraction of 25(OH)D and other hydroxylated metabolites with acetonitrile, serum concentrations of 25(OH)D were measured using an equilibrium radioimmunoassay procedure (DiaSorin, Stillwater, MN). Two levels of controls were used to test 25 (OH)D concentrations during the study periods examined [23] . Assay coefficients of variation for these quality control pools were 7-13% at the lower end of 25(OH)D values (9-25 ng/ml) and 8-11% at the higher end of 25 (OH)D values (32-45 ng/ml). Serum calcium, albumin, phosphate, and creatinine were measured using a Beckman Synchron LX20 chemistry analyzer (Beckman Coulter, Fullerton, CA, USA). Estimated glomerular filtration rate (eGFR) was calculated according to the simplified Modification of Diet in Renal Disease Study (MDRD) prediction equation [24] . We corrected serum creatinine in the NHANES 2005-2006 sample to align values with the creatinine assay used in the development of the MDRD equation [25] using the following formula: corrected serum creatinine=−0.016+(0.978×measured serum creatinine). Serum creatinine in the NHANES 2003-2004 sample did not require correction.
Measurement of bone mineral density BMD was measured using whole body dual-energy X-ray absorptiometry (DXA). We used whole body BMD for these analyses in order to examine a single composite measure of the skeleton, and because a previous analysis in NHANES showed that racial differences in BMD were qualitatively the same whether analyzing whole body BMD or specific subregions such as pelvis or lumbar spine [26] . The DXA examination protocol is detailed extensively in the January 2004 Body Composition Procedures Manual at http://www.cdc.gov/nchs/nhanes. htm. Briefly, whole body DXA scans were acquired using a Hologic QDR 4500A fan-beam densitometer (Hologic, Bedford, MA, USA) and the scan for each participant was reviewed and analyzed by the University of California, San Francisco Department of Radiology. Because of nonrandom patterns to missing DXA data, NHANES imputed missing and invalid BMD data using multiple-imputation methodology. Accordingly, all analyses of DXA data were performed according to the processes detailed in the technical documents at http://www.cdc.gov/nchs/ nhanes. htm. BMD data for the purposes of this study were only available for the NHANES 2003-2004 cycle.
Statistical analyses
Because older individuals, Hispanics, and blacks were intentionally over-represented, NHANES 2003 NHANES -2004 NHANES and 2005 NHANES -2006 were not simple random samples of the US population. Therefore, appropriate sample weights were used to obtain weighted regression estimates, allowing the results of these analyses to be generalizable to the US population.
For all analyses, we excluded participants less than 18 years old or with missing data on key study variables of interest. In addition, in order to focus the analysis on differences in whites, blacks, and Mexican-Americans, we excluded participants self-identified as Other Race or as Hispanic ethnicity other than Mexican-American. Furthermore, we excluded participants with chronic kidney disease (eGFR <60 mL/min/1.73 m 2 ), which is strongly linked with abnormalities in PTH and vitamin D metabolism [1] , and participants with PTH concentrations in the highest 1% of values in the study sample (PTH >134 pg/ml) in order to minimize the influence of outliers potentially linked with primary parathyroid disorders known to impair PTH regulation. Within each category of race-ethnicity, we calculated the percentage of each categorical demographic characteristic and the mean (±standard error) of age, body mass index (BMI), dietary calcium and phosphorus intake, BMD, and each laboratory measurement. In addition, we used linear regression to compare mean values of dietary calcium intake, serum PTH, and BMD across quantiles of 25(OH)D according to race and ethnicity. Since age may modify the relationship between 25(OH)D and BMD [27] , we tested for interaction between age and 25(OH)D in these models. When interaction was detected (P<0.05), we analyzed stratified models.
Locally weighted estimated scatterplot smoothing (LOWESS) plots were used to examine the relationship between serum PTH and 25(OH)D concentrations by race and ethnicity. LOWESS is a non-parametric technique for describing the relationship between two continuous variables, and so does not require a priori assumptions about the functional form of the relationship [28] . For these plots, we utilized an automated algorithm to choose the most appropriate smoothing parameter according to objective criteria [29] . Of note, we excluded a single black participant with an unusually high 25(OH)D value (64 ng/ ml) from the LOWESS analyses since this outlier resulted in an implausible extrapolation of the smoothed curve relating 25(OH)D and PTH among blacks. We also examined racial and ethnic differences in the relationship between 25(OH)D and PTH in linear regression models adjusted for age, sex, BMI, creatinine, calcium intake, and season of blood draw (coded as a binary variable depending on whether the blood draw occurred between November 1 to April 30 or May 1 to October 31), all of which may influence PTH, 25(OH)D, or both. In addition, we examined whether the impact of vitamin D deficiency (as defined by 25(OH)D ≤20 ng/ml [1] ) on PTH levels was modified by race/ethnicity, BMI, and age by testing the significance of interaction terms. When interaction was detected (P<0.05), we analyzed stratified models. Of these participants, 11,178 (57%) met one or more exclusion criteria, leaving 8,415 participants in the final study sample, 25% of whom were black and 24% of whom were MexicanAmerican. There were minimal differences in the characteristics of participants in the final study sample as compared to participants who were excluded from the analysis (data not shown). Table 1 depicts the demographic, laboratory, and dietary intake characteristics of the study sample according to race and ethnicity. Both blacks and Mexican-Americans had higher serum PTH concentrations, lower 25(OH)D concentrations, and lower dietary calcium intake as compared to whites (P<0.05 for all comparisons). When the relationships between PTH and race/ethnicity were adjusted for age, gender, BMI, dietary calcium intake, and serum concentrations of calcium, albumin, and 25(OH)D, serum PTH concentrations remained 3.3 pg/ml higher in blacks (95% CI 1.7 to 4.9 pg/ml) and 3.7 pg/ml higher in Mexican-Americans (95% CI 2.3 to 5.0 pg/ml) compared to whites. Similarly, 25(OH)D concentrations remained significantly lower in blacks and Mexican-Americans as compared to whites after adjustment for age, gender, and BMI. Further adjusting for supplemental calcium and vitamin D intake did not materially change the results. Although blacks and Mexican-Americans both had lower 25(OH)D, higher PTH, and lower dietary calcium intake than whites, blacks had significantly higher mean BMD as compared to whites (P<0.01), whereas there were no significant differences in BMD between MexicanAmericans and whites (P=0.6). [1] , 50% of overall study participants would be classified as vitamin D deficient. However, when restricted to whites, only 28% of participants would be classified as vitamin D deficient, whereas the analogous percentages among Mexican-Americans and blacks would be 58% and 81%, respectively. [30] . In contrast to analogous studies of white subjects [31, 32] , these investigators found no significant differences in BMD loss between the intervention groups despite a significant increase in 25(OH)D concentrations in the active group as opposed to the control group [30] . Similarly, in a study examining the relationships between 25(OH)D and BMD in elderly white, black, and Hispanic men residing in Boston, serum 25(OH)D concentrations were independently correlated with BMD in the white participants, but not the black participants [19] . Our findings mirror these data in that we found that BMD decreased in parallel with declining serum 25(OH)D and dietary calcium intake among whites and MexicanAmericans, yet it remained remarkably preserved even within the lowest categories of calcium intake and 25(OH) D levels among blacks. These observations likely reflect known racial differences in calcium economy. Blacks are more efficient than whites in absorbing dietary sources of calcium, preserving calcium in the bones, and retaining calcium in the kidney, especially during adolescence [33] [34] [35] , leading some to suggest that blacks may require less dietary calcium than whites to maintain bone health [36] . Accordingly, it is possible that blacks may also require a lower "set-point" for serum 25(OH)D to optimize calcium metabolism. Indeed, blacks maintain similar if not higher concentrations of 1,25-dihydroxyvitamin D than whites even at comparable concentrations of PTH [37] [38] [39] , suggesting that blacks may be able to maintain adequate calcium homeostasis at lower circulating 25(OH)D levels than whites. In addition, it is possible that higher BMI among blacks may also contribute to racial differences in the relationships between 25(OH)D and BMD [40] .
We observed highly significant inverse relationships between 25(OH)D and PTH above and below a 25(OH)D concentration of 20 ng/ml in whites and MexicanAmericans, but not among blacks. Indeed, while 25(OH)D and PTH were inversely related when 25(OH)D values were ≤20 ng/ml, the slope of this relationship was essentially flat above this threshold among blacks. These findings suggest that PTH concentrations may be maximally suppressed at a lower 25(OH)D concentration among blacks than among whites or Mexican-Americans. In support of this possibility is the study by Aloia et al. which found that PTH values appeared to plateau at a 25(OH)D concentration between~16 and 20 ng/ml in AfricanAmerican women [41] . Moreover, women who began this study with 25(OH)D concentrations <17 ng/ml demonstrated significant reductions in PTH in response to vitamin D supplementation, whereas those who began the study >17 ng/ml did not, suggesting a threshold effect for PTH suppression at a 25(OH)D concentration of~17 ng/ml, in contrast to analogous studies in white populations [3, 4] . Collectively, these data suggest that 25(OH)D threshold values derived from the mathematical modeling of PTH as a function of 25(OH)D in white populations may not be appropriate for blacks, potentially leading to inaccurate estimations of the prevalence of vitamin D insufficiency and deficiency in minorities.
It is important to note that numerous investigators have cautioned against the use of "bone-" or "mineral-based" 25 (OH)D thresholds as the primary determinant of optimal vitamin D levels, particularly considering the potential nonmineral benefits of vitamin D on outcomes such as hypertension, diabetes, cancer, immune function, and death [7, 42, 43] . Although we agree with this concern, 25(OH)D thresholds derived from skeletal or mineral endpoints in white populations remain widely utilized for evaluating vitamin D stores in racial minorities, resulting in alarmingly high prevalence rates of vitamin D deficiency in minority populations [8] [9] [10] . Indeed, 81% of blacks would have been categorized as vitamin D deficient, as compared to only 28% of whites, if one commonly used cut-off for vitamin D deficiency were indiscriminately applied to participants in this study. Yet utilizing this "one-size-fitsall" approach to assessing vitamin D stores in minority populations overlooks critical racial differences in bone and mineral metabolism as detailed above. Thus, while we cannot advocate different threshold values for vitamin D sufficiency in blacks based upon the results of this study alone, it would be similarly inappropriate to assume that standardized thresholds for vitamin D sufficiency in whites can be directly extrapolated to minority populations. Further studies are needed to test whether uniform targets for 25(OH)D adequacy result in similar or discordant outcomes by race.
Our study has limitations. First, variability in the performance of 25 [37, 44] . In addition, we did not have information with respect to parathyroid gland morphology, and so we could not determine whether parathyroid gland hyperplasia among blacks may have partly accounted for our results [45] . Further studies will need to determine to what extent these factors may have impacted the findings of this study. Finally, we did not have prospective data concerning the associations between low 25(OH)D concentrations and the development of adverse health outcomes such as hypertension, diabetes, or cancer. Thus, we were unable to determine whether these relationships differ by race/ ethnicity. For example, it is possible that blacks require higher 25(OH)D levels than whites for certain non-skeletal outcomes such as cardiovascular health, cancer prevention, or immune function. However, if so, this would only strengthen the case against assuming that vitamin D threshold values in whites can be extrapolated across racial and ethnic groups without first determining whether this currently widespread assumption is in fact appropriate.
In summary, we found that the relationships between 25(OH)D, BMD, and PTH varied by race among US adults. Further studies are needed to confirm these findings, and to determine whether race-and/or ethnicspecific ranges of optimal 25(OH)D are required to appropriately evaluate the adequacy of vitamin D stores in diverse populations.
